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The Pitsanulok Basin is the largest onshore basin in Thailand. Located within the basin is the 
largest oil field in Thailand, the Sirikit field. As conventional oil production has plateaued and 
EOR is not yet underway, an unconventional play has emerged as a promising alternative to help 
supply the energy needs. Source rocks in the basin are from the Oligocene lacustrine shale of the 
Chum Saeng Formation. This study aims to quantify and characterize the potential of shale gas/oil 
development in the Chum Saeng Formation using advanced reservoir characterization techniques.  
The study starts with rock physics analysis to determine the relationship between 
geophysical, lithological, and geomechanical properties of rocks. Simultaneous seismic inversion 
is later performed. Seismic inversion provides spatial variation of geophysical properties, i.e. P-
impedance, S-impedance, and density. With results from rock physics analysis and from seismic 
inversion, the reservoir is characterized by applying analyses from wells to the inverted seismic 
data. And a 3D lithofacies cube is generated. TOC is computed from inverted AI. Static moduli 
are calculated. A seismic derived brittleness cube is calculated from Poisson’s ratio and Young’s 
modulus. The reservoir characterization shows a spatial variation in rock facies and shale reservoir 
properties, including TOC, brittleness, and elastic moduli.  
From analysis, the most suitable location for shale gas/oil pilot exploration and development 
are identified. The southern area of the survey near the MD-1 well with an approximate depth 
around 650-850 m has the highest shale reservoir potential. The shale formation is thick, with 
intermediate brittleness and high TOC. These properties make it as a potential sweet spot for a 
future shale reservoir exploration and development. 
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The Sirikit field is the largest oil field located in the Pitsanulok Basin (Figure 1.1). The field 
is operated by PTT exploration and production (PTTEP). As conventional oil production has 
plateaued, an unconventional play has emerged as a promising alternative to prolong the 
production in the basin. The Sirikit Field is sourced by the Oligocene lacustrine claystone or the 
Chum Saeng Formation (C&C Reservoir, 2009). Study by US Geological Survey (USGS) in 2014 
suggests that the formation has a potential to be a new unconventional shale gas/oil reservoir with 
an estimated undiscovered resource potential of about 50 MMbbl of oil and 310 bcf of gas. The 
success of shale gas/oil exploration and development in this basin could potentially lead to a 
success in another Cenozoic basin in Thailand as well. 
The objective of this study is  to evaluate the shale gas/oil potential in the Chum Saeng 
Formation within the Pitsanulok Basin, including organic richness and geomechanical properties 
for further exploration, and make recommendation for further exploration and development.  
1.1   Problems and objectives 
Previous studies have shown an unconventional potential within the Pitsanulok Basin. 
Analog fields with a similar geological setting suggest the possibility of excellent potential. This 
is the first dedicated study on unconventional resource potential within the basin and this research 




Figure 1.1 The Pitsanulok Basin location and sedimentary basins map of Thailand (Polachan et 
al., 1991) 
 
To further determine the feasibility of unconventional shale gas/oil production in the basin 
besides the geochemical and geological study, an analysis on shale gas/oil properties such as 
geomechanics, organic richness, and their extension in the basin are required. Therefore, the 
objectives of this study are: 
- To identify the extension of potential unconventional shale gas/oil in the Pitsanulok Basin 
(PTTEP concession)  
- To characterize key reservoir parameters and evaluate the shale gas/oil reservoir in the 
Pitsanulok basin as the hydraulic fracturing process is likely required to enhance 
production 
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The main challenge for this study is the data availability. The field was originally produced 
as a conventional reservoir and the data was not acquired for any unconventional resource 
exploration and production purpose. Another challenge for this study is an unconventional shale 
gas/oil reservoir from lacustrine shale is uncommon and therefore analog information is not readily 
available.  
1.2   Geology 
The Pitsanulok Basin is a half-graben Cenozoic basin located onshore Thailand. The basin 
is considered the largest onshore basin in Thailand with an area of about 6000 sq.km (C&C 
Reservoirs, 2009). The basin lies along a North-South extensional trend from onshore of Thailand 
into the Gulf of Thailand. The opening of the basin occurred from the collision between the Indian 
and Eurasian tectonic plates. The collision resulted in a complex regional strike-slip fault system. 
A western boundary fault (Figure 1.2) is the main structural feature of the basin where the basin 
center and thick formations are located next to the fault (Flint et al., 1989). Tectonic reactivation 
caused a complex transpressional fault system in the area which resulted in a complex structure.  
Currently, PTTEP is operating in the basin and has one producing oil field, the Sirikit Field. 
The field is producing from a fluvial-deltaic sandstone, the Lan Krabu Formation. Production rate 
had reached 30,000 bbl/day (DMF, 2017). Lan Krabu Formation was charged by a matured 
lacustrine mudstone of the Chum Saeng Formation (C&C Reservoirs, 2009). Stratigraphy of the 
Pitsanulok Basin is illustrated in Figure 1.3 and can be summarized (Morley et al., 2007) as: 
- Sarabop Formation: Alluvial fans mixed sediment ranging from conglomerate to claystone 
- Khom Formation: Alluvial plain fine sediment 
- Nong Bua Formation: Fluvial-deltaic and lacustrine claystone 
- Chum Saeng Formation: Lacustrine mudstone 
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- Lan Krabu Formation: Fluvial-deltaic sandstone 
 
 
Figure 1.2  West-East cross section of the Pitsanulok Basin with the western boundary fault and 
half graben structural feature (Flint et al., 1988). 
 
Two main formations were brought into a discussion as the focused formations: 
- Lan Krabu Formation (LK): The formation was deposit during the Miocene. The 
depositional environment is a prograded fluvial-deltaic sequences. The sequences are 
composed of thin mouth-bar sandstones and lacustrine claystone (Pinyo, 2011). The Lan 
Krabu sandstone is considered as a reservoir rock in the Sirikit Field. The formation is 1 to 
10 m thick depends on location. The porosity is ranging from 2 to 25 % (average 13%). 
Permeability is ranging from 0.01 to 1000 md (Pinyo, 2011).  
- Chum Saeng Formation (CS): The Chum Saeng Formation was deposited during the same 
time as the Lan Krabu Formation (Oligocene and Miocene). The depositional environment 
is lacustrine as the formation was deposited during a high-stand period when subsidence 
rate was high. This formation is a source rock and at the same time acts as a seal in the 
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Sirikit Field. The main lithology is mud or claystone. Formation thickness can be up to 
400m, an average is around 200 m. Flow properties within this formation are poor, usually 
less than 5% porosity and less than 0.01 md of permeability (Pinyo, 2011). Kerogen is 
mainly type I and II with a TOC value ranging from 5-20%. 
 
 
Figure 1.3  Summary of the stratigraphy and petroleum system of the Pitsanulok Basin (Ainsworth 
et al., 1999), notice the changing from lacustrine (open lake) sediment or the Chum Saeng 
Formation to fluvial-deltaic sediment or the Lan Krabu Formation during the Miocene  
 
1.3   Literature review 
Literature review and previous study on geology in the study area and possible methodology 
are discussed. 
1.3.1   Geology and study area review 
A geochemical study that was done internally by PTTEP in 2015. There are two main 
geological preliminary studies, first was done by Pinyo in 2011 which focused on the potential of 
the Chum Saeng Formation which is the source rock in the basin as a potential unconventional 
shale or basin center gas and oil accumulation. Another study was done by the USGS in 2014. The 
study focused on unconventional resource estimation in the Pitsanulok Basin. No dedicated 
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geophysical and geomechanical study have been performed in the basin relative to unconventional 
production. 
Pinyo (2011) had assessed the unconventional potential in terms of geology and 
geochemistry. From the analysis, the Chum Saeng Formation is hypothesized to be a basin-center 
accumulation. Law (2002) defined such an accumulation as characterized by an occurring at the 
basin-center where the source rock is abundant and mature. A basin-center accumulation is likely 
to have abnormal pressure, lack a downdip water contact, and have very low permeability. 
Hydrocarbon is trapped by capillary force and thus a trapped hydrocarbon is likely to be recently 
generated. In favor of a basin-center accumulation, the study shows that the Chum Saeng 
Formation is currently still in a mature stage and producing both oil and gas dependent on kerogen 
type and temperature window. The formation is slightly overpressured (1.2 SG).  
Lastly, the study also show that the Pitsanulok Basin has some similarity to the Uinta, Greater 
Green River, and Piceance Basins in the Rocky Mountains where there are productions from basin-
center accumulations. The key difference is that the Pitsanulok Basin is relatively young and 
contains less of a fracture network. Therefore, to produce from the Chum Sang Formation, 
hydraulic fracturing is required. 
The USGS (2014) assessed and evaluated the Pitsanulok Basin in terms of unconventional 
shale gas/oil. The study shows a high potential technically recoverable volume as listed in Table 
1.1 and Table 1.2. The study also suggests unconventional resource potential in alternative 
Cenozoic extension basins in a North-South trend along onshore of Thailand which occur within 
the same tectonic and deposition regime as the Pitsanulok Basin. The success of unconventional 
exploration and production in the Pitsanulok Basin can lead to more unconventional production 
within the region. 
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A later internal study by PTTEP in 2015 continued to focus on geochemical and geology in 
favor of unconventional shale gas/oil reservoir production within the area. Extensive analysis on 
core and well log data were done together with geological review exclusively on the presence of 
igneous rock bodies within the basin which enhance the maturation process in the Chum Saeng 
Formation and the tectonic uplift which can bring a mature source rock to a shallow depth. Eight 
areas of study were identified and two were chosen as the most promising areas for shale gas/oil 
production with a rich matured organic claystone of the Chum Saeng Formation. The areas are 
named “Ruang Tong and Sai Ngam” areas. These areas are chosen for this study. 
1.3.2   Methodology and technique review 
In term of reservoir characterization, the study aims to implement rock physics analysis and 
seismic inversion to quantitively characterize unconventional shale reservoir. Holden et al. (n.d.) 
had discussed a general workflow to evaluate shale reservoir as: 
1 Determine Total Organic Carbon or TOC and mineralogy using petrophysical and rock 
properties analysis. 
2 Extend an analysis beyond well control to determine the area by combining well log and 
seismic data. 
3 Evaluate relative brittleness and ductability from well logs and seismic inversion. 
4 Analyze rock stresses, natural fracture network, and directionality. Determine optimal 
horizontal well direction and hydraulic fracturing strategy. 
5 Plan the well. 
For exploration phase, step 1 to 3 are the most important steps and therefore this study will 
be based on these steps to determine shale reservoir properties (later discussion in section 1.4.3).  
8 
 
Table 1.1   Key assessment input data for shale-oil and shale-gas in the Pitsanulok Basin (USGS, 2014) 
Input data 
Phitsanulok Basin shale oil Phitsanulok Basin shale gas 
minimum mode maximum mean minimum mode maximum mean 
Potential production area (acres) 100000 205000 250000 185000 10000 173000 200000 127667 
Drainage area (acres) 80 120 160 120 100 140 180 140 
EUR (BCF, gas; MMB, oil) 0.05 0.08 0.12 0.08 0.30 0.70 1.00 0.71 
Success ratio (%) 10 50 80 47 10 50 80 47 
 
 
Table 1.2   Estimated shale oil and shale gas resource in the Pitsanulok Basin (USGS, 2014) 
Petroleum system Probability 
Total undiscovered resources 
Oil (MMBO) Gas (BCF) NGL (MMBNGL) 
F95 F50 F5 mean F95 F50 F5 mean F95 F50 F5 mean 
Shale oil 0.90 0 54 98 53 0 31 63 32 0 1 1 1 
Shale gas 0.95 - - - - 0 278 559 288 0 4 9 4 
Total unconventional 
resource 
 0 54 98 53 0 309 622 320 0 5 10 5 
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From Holden et al. (n.d.) workflow in section 1.3.2, the first step is essentially the rock 
physics analysis. Malaver et al. (2014) suggested the workflow to determine key quality indicators 
or unconventional reservoir properties from well logs as: 
- Identify compressional and shear moduli, and pore content by facies. 
- Determine TOC on core and log data. 
- Determine the relationships between elastic, geomechanical and geological properties.  
- Underpin the rock physics model and interpret most-likely indicators of reservoir quality 
and reservoir performance as sweet spots. 
First rock physics analysis is to determine TOC. The most common method to determine 
TOC beside core samples is the well logs calculation technique called the ΔlogR (Passey, 1λλ0). 
The ΔlogR is essentially the difference between sonic transit time and resistivity log. The 
parameter can refer to an organic richness in shale, high ΔlogR refers to organic rich shale, and 
the other way around low ΔlogR refers to low organic shale.  
Next analysis is to determine relationship between elastic and geomechanical properties. This 
is a crucial part as it links between rock properties to seismic inversion products. Rickman et al. 
(2008) introduced the Crossplot and calculation between Poisson’s ratio and Young’s modulus to 
determine brittleness of a rock using the data from the Barnett Shale (Figure 1.4). Essentially, a 
rock with high Young’s modulus and low Poisson’s ratio is potentially brittle. This may not apply 
to all the shale reservoir formations. However, it is considered the most common approach for any 
new exploration area as Young’s modulus and Poisson’s ratio are the by-products from seismic 
inversion and therefore can be used to determine brittleness spatially throughout the survey area.  
Another common analysis between elastic and geomechanical properties is the ρ- ρ or LMR 
analysis. Perez et al. (2013) proposed the using of ρ and ρ to determine brittleness, TOC, and 
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mineralogy (Figure 1.5) of the rock as the two parameters are also the by-products from seismic 
inversion and the calculation of ρ and ρ do not require an inverted density as an input.  refers 
to rigidity of rocks and  refers to incompressibility of rocks. Thus, the two properties can refer to 
brittleness and mineral composition of rocks (Perez, 2012). 
 
 
Figure 1.4  crossplot between Young’s modulus and Poisson’s ratio of the Barnett shale and a 
normalized brittleness. Rocks with high Young’s modulus and low Poisson’s ratio will have a high 




Figure 1.5  LMR crossplot analysis to determine rock brittleness and mineralogy of shale reservoir. 
Brittle rocks tend to have a high quartz content, low ρ, and high ρ (Perez et al., 2013). 
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Another analysis discussed by Malaver et al. (2014) is the facies. Crossplot between facies 
and compression/shear moduli have to be analyzed to convert seismic inversion products to facies 
information. Crossplot between Vp/Vs and P-impedance is one example of crossplot that is 
commonly used to identify facies as both are the products from inversion. Figure 1.6 is an example 
of the crossplot and a computed facies in inverted seismic done by Limpornpipat (2013) using the 
Bayesian classification technique, which takes a statistical (Gaussian distribution) information of 
data into account. 
The first reservoir property is elastic moduli. Elastic moduli can be calculated from P and S 
impedance, and density. Those properties are the products from seismic inversion and therefore 
can be used to convert inversion results to elastic moduli as shown in the studies done by Azevedo 
et al. (2014) and Sena et al. (2011). However, the moduli are dynamic and are not representing 




Figure 1.6  Facies classification on seismic inversion products using the relationship obtained from 
the crossplot between Vp/Vs and P-impedance (Limpornpipat, 2013). 
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Figure 1.7  Elastic moduli calculated from seismic inversion products (Azevedo et al., 2014). 
 
Another reservoir property is TOC. Organic matter has a lower density and therefore result 
in a higher transit time (slower velocity) (Passey, 1990). High TOC rock should have a low density, 
P-wave velocity, and thus low P-impedance. Crossplot between density and TOC from the interval 
geochemical study done by PTTEP in 2015 has shown such relationship (Figure 1.8) and therefore 
P-impedance can be used to convert for TOC.  
Last property is brittleness. Brittleness can be directly computed from the Rickman et al. 
(2008) equation discussed earlier in this section. Perez at al. (2013) had shown an alternative way 
to quantify brittleness by using the 2D color bar attribute technique on LMR analysis crossplot and 
inverted seismic data (Figure 1.9).  
 
 
Figure 1.8  Crossplot between TOC and density showing a relationship between the two, high TOC 




Figure 1.9  LMR analysis and 2D colorbar technique to determine brittleness from seismic 
inversion products (Perez at al., 2013). 
 
1.4   Methodology 
This study focused on seismic inversion as the main tool to characterize potential shale 
reservoirs.  
1.4.1   Study area 
The study is performed in the “Ruang Tong – Sai Ngam (RTS)” areas, located in the 
southeastern part of the Pitsanulok Basin. The areas are chosen based on the preliminary study 
done internally by PTTEP. Moreover, the area is covered by a new (2013) high fold 3D seismic 




Figure 1.10   Ruang Tong-Sai Ngam (RTS) area location 
 
1.4.2   Data availability 
1. Well log and data corrected from well 
- P and S sonic log 
- Density and GR log 
- Formation Micro Imager log (FMI) 
- Reservoir pressure: RFT/MDT 
- Fracture gradient: Leak Off Test (LOT) 
- Geochemical analysis 
2. Seismic 
- 3D seismic (2013 survey): 25m by 25m bin, high fold (80), narrow azimuth 
- Full and Angle stack 
o Near angle stack: 10-21 degrees 
o Mid angle stack: 21-32 degrees 
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o Far angle stack: 32-43 degrees 
- Pre-stack gather 
- Full horizons and faults interpretation 
1.4.3   Workflow 
The study workflow is illustrated in Figure 1.11. Three main tools or processes are used for 
this study 
- Rock physics analysis: This is a feasibility analysis tool to determine a relationship between 
petrophysical, geophysical, lithological, and geomechanical properties of rocks as a goal 
for the study is to transform petrophysical and geophysical information into unconventional 
reservoir properties.  
- Simultaneous Inversion: This is the crucial step for this study as it is a transformation of 
geophysical information into petrophysical information. Seismic inversion is the process 
that uses actual seismic traces to model the seismic trace into a rock model. Simultaneous 
inversion results in P and S-impedance, and density. A set of seismic angle stacks, 
wavelets, and low frequency models built from well log will be used as an input for the 
simultaneous seismic inversion process. Inversion results will provide spatially variation 
of petrophysical properties which will later be converted to unconventional shale gas/oil 
reservoir properties. 
- Reservoir Characterization: the objective of this process is to characterize unconventional 
shale gas/oil reservoir properties, i.e. lithology, elastic moduli, brittleness, and TOC. 
Relationship acquired from rock physics analysis will be applied to the inversion results. 
With the properties cube, the best location or sweet spot for shale gas/oil exploration and 




Figure 1.11   Flowchart for the study comprised of 3 main analyses, rock physics analysis, 




WELL DATA AND ROCK PHYSICS ANALYSIS 
 
This chapter will discuss the processes and analysis done on well data (1D information), 
including well log and core samples. Well information is considered as hard data yielding the most 
reliable information. Analysis from the well information is used to aid the seismic inversion 
process. The work on the well data includes, well log, fluid substitution, facies, organic richness, 
and geomechanical analysis. 
2.1   Well log and data preparation 
In order for well logs to be used on any analysis, quality control and editing have to be done 
on well logs to ensure accurate and reliable values.  
Caliper check and log cut: Caliper logs are displayed along with essential logs that are used 
in this study, e.g. sonic log, or density log to determine a section where there is a possible washout 
or borehole damage. Over washout intervals the logs are edited by cutting abnormally high or low 
values out and filling the gaps by interpolation. Large damage intervals are entirely excluded from 
any analysis. Well logs ran in the casing section (typically in an upper part of log) are also removed. 
Depth matching: Each log run has depth mismatch. Directly comparing or cross plotting logs 
from each log set may result in mismatch and error. Therefore, well logs from each log run is depth 
matched. 
Shale volume estimation: Shale volume in fraction is used for S-wave velocity prediction 
and later for facies classification. Shale volume is calculated from gamma ray logs using equation 
2.1. 
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� ℎ = � −� �� −� �                                                         (2.1) 
GRmin and GRmax are the lowest and highest gamma ray reading. The highest gamma ray is 
the reading from 100% shale and the lowest is 100% sandstone. 
Shear wave prediction: Shear wave velocity is used for further rock physics analysis, elastic 
modulus calculation, and low frequency model building. S-wave velocity is predicted from P-wave 
velocity. Linear regression modified from Greenberg and Castagna (1992) equation is done on the 
cross plotting between S-wave velocity and P-wave velocity sandstone and shale (Figure 2.1). S-
wave velocity is proportionally calculated from the two derived relationships in sandstone and 
shale, and based on the shale volume log. P and S-wave velocity relationship of sandstone and 
shale are expressed in equation 2.2 and 2.3. Figure 2.2 is a comparison of predicted and actual S-
wave velocity.  
�  ℎ = . �  ℎ − .                                            (2.2) �  = . �  − .                                     (2.3) 
VS and VP are S and P-wave velocity respectively. The unit for velocity is m/s.  
  
(a)                                                                        (b) 




Figure 2.2 Comparison between actual and predicted S-wave velocity (right track) along with P-
wave velocity (left track), the predicted S-wave velocity are well match to an actual S-wave 
velocity log. 
 
None of the 4 wells located within the survey acquired shear sonic log and therefore shear 
log sonic has to be predicted in all 4 wells. Borehole washout is also observed in some parts of 
well logs. These lead to an uncertainty in well log data which are used further in the study.  This 
uncertainty should be taken into account during the analysis and as well as the interpretation of 
results. 
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2.2   Fluid substitution 
Fluid substitution is performed on wells LK-23 and LK-31 to observe petrophysical variation 
due to fluid saturation. The two wells have geomechanical analysis based on core samples. 
Identifying sandstone reservoir with a different fluid type is not expected as hydrocarbon type in 
this area is oil and since the main focused lithology in this study is mature organic shale. The main 
purpose of fluid substitution in this case is to obtain a corrected P-wave velocity of water saturated 
rock which will be further used for elastic moduli calculation and calibration. The Gassmann 
(1955) fluid substitution technique (equation 2.4 and 2.5) is used for this study. The process starts 
with a back-calculation for ratio between bulk modulus of rock frame (Kdry) to bulk modulus of 
minerals (Kmineral). Inputs are P and S-wave velocity logs, density log, and fluid saturation 
information. Fluid bulk modulus of a desired saturation is then replaced in the equation to obtain 
a final bulk modulus of fluid saturated rock (Ksat). In this case, original fluid is replaced with 100% 
water saturated. From a substitution, only a small to no fluid effect is observed (Figure 2.3).  
� =  � +  ∆�                                                     (2.4) 
∆� = � � ( − �� � )2−∅− �� � +∅� �� ��                                            (2.5) 
2.3   Facies analysis 
The main depositional environment of the Chum Saeng Formation is fluvial-lacustrine and 
so the main facies are shale and sandstone. A thick layer of shale is normally present in the area. 
Sandstone thickness is typically less than 5m. Tectonic reactivation resulted in extrusive volcanic 
rock. Volcanic rock is present as sills and occurs within the section. From seismic data, the 
volcanic layer exhibits a high amplitude. The extension of volcanic layer is from 1 to 5 km laterally 
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and up to 200 m of thickness. The petrophysical properties of each lithology are listed in Table 
2.1. Well log characteristics for each lithology are displayed in Figure 2.4. 
 
 
Figure 2.3  Well log from LK-23, from left to right are lithology, water saturation, P-wave velocity, 
S-wave velocity, and density log. Small to no fluid effect is observed. 
 
 
Table 2.1 Petrophysical properties of each lithology in the section of interested 
Lithology Vp (m/s) Vs (m/s) Rho (g/cm3) GR (API) Porosity (frac) 
Shale 2000 - 3500 1000 - 2000 2.0 - 2.6 60 - 125 0.25 - 0.50 
Sandstone 2000 - 4000 1100 - 2300 2.0 - 2.5 40 - 80 0.15 - 0.30 




Figure 2.4 Well log of KK-1 well showing petrophysical respond of each lithology (grey: shale, 
yellow: sandstone, red: volcanic rock. Well log from left to right are P-wave velocity, S-wave 
velocity, density, Gamma ray, resistivity, and porosity. 
 
From Table 2.1, volcanic rock can be easily identified using P-wave velocity and density or 
the product of the two, P-impedance. However, sandstone and shale have a similar petrophysical 
response. To better separate sandstone from shale, the elastic modulus or in this case a proxy of 
modulus, Vp/Vs, is cross plotted with P-impedance (Figure 2.5). Ideally, Vp/Vs of sandstone 
should be lower than from shale as sandstone is typically harder and more rigid compared to shale. 
The two data products from seismic inversion are Vp/Vs and P-impedance, and so this crossplot 




Figure 2.5 Crossplot between Vp/Vs and P-impedance from well KK-1, MD-1, LK-1, and SN-1. 
Volcanic rock has a high P-impedance comparing to clastic rock. Sandstone and shale are not 
completely separated. 
 
From the crossplot, volcanic rock can be distinguished by its high P-impedance value (above 
10000 kg/s*m2). Sandstone has a slightly lower Vp/Vs value than shale. However, the majority of 
sandstone still overlies with shale and therefore sandstone and shale can’t be fully separated using 
seismic inversion results. 
2.4   Organic richness 
Unlike conventional reservoir exploration which is focused on the presence or absence of 
sandstones, unconventional shale gas/oil is focused more on shale organic richness, maturation, 
and geomechanical properties such as brittleness. This is because the shale oil/gas play is directly 
produced from mature organic rich shale which is acting as a source rock and reservoir at the same 
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time. One of the key parameters determining organic richness is the Total Organic Carbon (TOC) 
value. TOC refers to the amount of organic carbon content in a rock. TOC can be directly measured 
from core samples. The most common petrophysical response analysis on organic rock is the 
resistivity log and sonic log introduced by Passey (1990). Passey proposed a method to determine 
TOC content and level of maturation in a rock by displaying a normalized resistivity log and sonic 
log on the same track. This is called ΔlogR. The level of crossing between the two logs refers to a 
different richness and maturation level of a given rock. High resistivity may be indicative of 
organic-rich rock (Meissner, 1978). The anomalously high reading of resistivity may be due to the 
maturation of organic material, which results in a resistive hydrocarbon compared to electrical-
conductive brine water. Organic matter has a lower density and therefore result in a higher transit 
time (slower velocity). High interval transit time values on the sonic log interval may be indicative 
of organic-rich rock (Passey, 1990). Equation 2.6 is used to calculate the ΔlogR. 
∆ log = log � + . −                                   (2.6) 
ΔlogR analysis is done in well SN-1 and KK-1, and later compared with TOC from cutting 
samples. Figure 2.6 is the comparison between P-wave sonic log to resistivity log, and ΔlogR to 
TOC. From the comparison, TOC falls along ΔlogR and so it is a good TOC proxy. 
In order to spatially determine TOC from inverted seismic data, a crossplot between TOC 
and P-impedance is performed as shown in Figure 2.7, color scale is ΔlogR value. The crossplot 
shows a good correlation between P-impedance and TOC, high TOC will have a low P-impedance 
and vice versa. The relation between TOC and P-impedance is expressed in equation 2.7. 





Figure 2.6 KK-1 well log plot; left track: plotting between P-wave sonic log and resistivity, right 





Figure 2.7 Crossplot between TOC and P-impedance, color scale is ΔlogR. High TOC will have a 
high ΔlogR and low P-impedance. Low TOC will have a low ΔlogR and high P-impedance. 
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2.5   Geomechanical properties 
Shale gas/oil reservoir requires hydraulic fracturing to enhance production. Geomechanics is 
a critical element to understand rock behavior under stress and to optimize hydraulic fracturing. 
Several key geomechanics parameters are discussed including elastic modulus, rock strength, and 
brittleness. Elastic modulus is a measurement of a material’s resistance to elastically deformation. 
Elastic moduli can be calculated from P-wave velocity, S-wave velocity, and density log. Elastic 
moduli discussed in this study are Young’s modulus, Poisson’s ratio, Shear modulus, and Lame’s 
first parameter. 
Young’s modulus (E) is a measurement of linear stress over strain, or it is a measurement of 
linear stiffness of material. Young’s modulus can be expressed in equation 2.8. 
= ��2( �2− �2)�2−�2                                                          (2.8) 
Poisson’s ratio ( ) is a measurement of traverse strain over axial strain. Poisson’s ratio can 
be expressed in equation 2.9. 
= �2− �2(�2−�2)                                                            (2.9) 
Bulk modulus (K) is a measurement of rock resistant to compressibility of rock, or volume 
stress over volume strain. Bulk modulus can be used as an indicator of clay content (Alexander 
et.al, 2011), i.e. high bulk modulus may refer to low clay content. Bulk modulus can be expresses 
in equation 2.10. 
� =  � � − �                                                      (2.10) 
Shear modulus ( ), or Lame’s second parameter is a measurement of shear stress over shear 
strain or it is a measurement of rigidity of material. Shear modulus can refer to rigidity of rock and 
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so the brittleness (Perez, 2012). Rock with high shear modulus is tend to be more brittle. Shear 
modulus can be expressed in equation 2.11. 
= ��                                                                (2.11) 
2.6   Elastic and static modulus 
Rock formations beneath the earth are affected by stresses from overburden. Tectonics has a 
slow deformation and therefore a static elastic modulus such as the static Young’s modulus are 
preferred as it is better representing real earth. Rock sample tests can be simply done by 
compressing core samples with or without confining pressure. Axial stress, axial strain, and radial 
strain are recorded and calculated into a static elastic modulus.  
Dynamic elastic moduli are obtained with high frequency measurement method such as from 
well log, seismic, and ultrasonic measurement. The dynamic moduli are likely to be 1-6 times 
higher than the static and therefore need to be calibrated. The easiest and most straight forward 
method is to establish an empirical relationship between the static and dynamic moduli. The main 
contributor to this problem is the non-linear elasticity of rock samples. This is far different from 
the linear elasticity assumption made in seismic exploration (Tutuncu et al., 1998). Three main 
factors contributing to this phenomenon were discussed by Tutuncu et al. (1998). 
- Frequency dependency 
- Strain amplitude dependency 
- Type of fluid and the consequence of hysteresis effects 
Dynamic and static elastic moduli can be highly varying and thus the relation between the 
two is very limited and work only under certain conditions. For this study, static moduli from core 
measurements in well LK-23 and LK-31 are directly compared with dynamic moduli calculated 
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from well logs. For a correct correlation, elastic moduli values obtained from core measurement 
are the values that were measured under a confining pressure that is the same with an actual in-
situ stress where core samples were collected. The comparison between static and dynamic moduli 
together with their relationships are shown in Figure 2.8. From the figure, dynamic moduli values 
are higher than static moduli. Linear correlation fitted from crossplot will be later applied to a 
calculated dynamic elastic moduli from seismic inversion. No correlation is found between 
dynamic and static Poisson’s ratio. This is considered common for Poisson’s ratio and therefore 
no conversion from dynamic to static Poisson’s ratio will be done. Correlation between static and 
dynamic elastic moduli are expressed in Equations 2.12 to 2.14. It is important to be aware of 
uncertainty in core samples measurement. Changing conditions of core sample results to a 
changing in its properties and response. The way core samples are measured is also result in 
uncertainty. = . + .                                        (2.12) � = . � + .                                        (2.13) = . + .                                         (2.14) 
2.7   Brittleness 
Fracability of shale can be defined by many parameters. Beside elastic modulus such as 
Young’s modulus which refers to stiffness, brittleness is another key factor for shale gas/oil 
reservoirs hydraulic fracturing. Brittleness may refer to likeliness of shale to fracture and remain 
open or close. Fracturing of brittle rock is likely to remain open while fracture of ductile rock is 
likely to heal (Bandyopadhyay et al., 2012). The most common and widely use of brittleness 
definition is the “seismic derived brittleness” proposed by Rickman et al. (2008). The brittleness 
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Figure 2.8 Crossplot between static and dynamic elastic moduliμ (a) Young’s modulusν (b) Bulk 
modulus; (c) Shear modulus; (d) Poisson’s ratio. Relationship for Poisson’s ratio can’t be 




�  % = � � −�� � −� + � −�� −� �                              (2.15) 
Poisson’s ratio and Young’s modulus are readily available from seismic inversion and can 
provide a spatial variation information. Therefore, this type of brittleness is commonly used in 
many geophysical studies. However, Young’s modulus and Poisson’s ratio are elastic properties 
of rock while brittleness is rock’s failure property. Brittleness is a property of rock during failure 
or inelastic property. This leads to an argument that the using of Young’s modulus and Poisson’s 
ratio is inappropriate. Altindag (2002) had shown several brittleness derived from rock strength 
(Equation 2.16). 
� =  ��−����+��                                                      (2.16) 
σC is unconfined compressive strength. σT is tensile strength. The two strength values are 
commonly derived from core sample measurements. The higher of compressive strength compared 
to tensile strength, the brittle of the rock is. 
Furthermore, brittleness is also dependent on mineralogy and petrophysical properties of 
rock as discussed by Cho and Perez (2014). Figure 2.9 shows the influence of porosity and 
mineralogy on Young’s modulus and Poisson’s ratio. Or it can be said that fractures are supported 
by the rock frame which refer to matrix composition (mineral and porosity). Javie et al. (2007) 
proposed brittleness as a relation between mineral component as shown in equation 2.17. 
� =  + +                                           (2.17) 
From equation 2.17, quartz is contributing to the brittleness of a rock. High siliciclastic shale 




Figure 2.9 Mineralogy and petrophysical effect on elastic moduli and thus brittleness (Cho and 
Perez, 2014), The moduli can highly vary due to the changing in mineralogy and porosity. 
 
Brittleness is a product from many parameters, and Young’s modulus and Poisson’s ratio are 
just an indirect indicator to brittleness. However, with a certain rock conditions, we can use these 
elastic properties for brittleness determination and the statement still holds. To ensure that Young’s 
modulus and Poisson’s ratio can be used for brittleness, unconfined compressive strength (UCS) 
and mineral composition from core analysis data from well LK-23 and LK-31 are used to compare 
with brittleness from Young’s modulus and Poisson’s ratio. As from Equations 2.16 and 2.17, 
brittle rock will likely to have a high UCS and quartz component. Figure 2.10 and Figure 2.11 are 
the comparison between the seismic derived brittleness (from Young’s modulus and Poisson’s 
ratio), brittleness from rock strength, and brittleness calculated from mineral composition. All the 
elastic moduli are calculated from well logs. 
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Figure 2.10 Crossplot between rock strength brittleness (calculated from Equation 2.16) and 





Figure 2.11 Crossplot between mineral brittleness (calculated from Equation 2.17) and seismic 
derived brittleness (calculated from Equation 2.15). Correlation number is 0.85. 
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From Figure 2.10 and Figure 2.11, it can be observed that brittleness from Young’s modulus 
and Poisson’s ratio has a correlation with brittleness from rock strength and as well as brittleness 
from mineral composition. Therefore, brittleness calculated from inverted seismic can be used as 
a good proxy for rock failure behavior. Figure 2.12 is the Rickman (2008) plot or the plot between 
Young’s modulus and Poisson’s ratio. Color scale is brittleness. Rock with low Poisson’s ratio and 
high Young’s modulus is relatively hard and rigid. This makes it less ductile and is therefore 
potentially brittle. On the other hand, rock with low Young’s modulus and high Poisson’s ratio is 
soft and ductile. 
 
 
Figure 2.12 Crossplot between Young’s modulus and Poisson’s ratio, color scaled by seismic 





SEISMIC QUALITY CONTROL AND ANALYSIS 
 
This chapter will discuss and explain the analysis that has been done on seismic data as well 
as seismic synthetic data prior to seismic inversion. The goal of this chapter is to use all the data 
required for simultaneous inversion. Seismic data give a spatial variation information (3D) of a 
study area. With proper calibration between seismic and well data, seismic can be used to 
quantitatively define shale gas/oil reservoir properties in the inter-well space. This chapter includes 
a seismic data quality check and preconditioning for inversion, synthetic AVO gather generation 
to determine robustness of simultaneous inversion, seismic to well-tie and wavelet extraction, and 
tuning wedge modeling to determine seismic vertical resolution.  
3.1   Seismic acquisition and processing overview 
Seismic used for this study were acquired in the “RTS” area in August 2013. The survey has 
a surface coverage of 164 km2, with full-fold coverage of 77 km2. The survey was acquired with a 
mix of explosive and vibroseis sources, but mainly by explosive source. The main objective is to 
enhance seismic resolution at an interval in two-way time from 700-2500 ms which is a 
conventional sandstone reservoir target and to enhance fault and basement structures as complex 
geological structures are present in the southern and eastern part of the survey (PTTEP, 2013).  
The seismic is conventional narrow azimuth, high fold 3D. The data were processed through pre-
stack time migration (PSTM). Acquisition parameters are listed in Table 3.1. Acquisition geometry 
including source and receiver location and as well as fold are displayed in Figure 3.1 and Figure 
3.2 respectively. 
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Table 3.1 Seismic acquisition parameters 
Parameters Information / Value 
Survey area 164 km2 
Full fold coverage area 77 km2 
Source/receiver configuration orthogonal 
Number of shot points 10000 (8840 explosives, 1160 vibroseis) 
Number of receiver points 8245 
Recording length 6 seconds 
Sample rate 2 milliseconds 
Bin size 25 by 25 m 
Nominal bin fold 80 
Vibroseis frequency range 5-80 Hz 
Sweeping length 32 seconds 
Source line spacing 400 m 
Source line orientation North-South 
Source line 47 
Receiver line spacing 400 m 
Receiver line orientation East-West 










Figure 3.2 Fold number map, fold target is 80. 
37 
Amplitude was carefully preserved throughout the processing sequence. Processing 
workflow is listed in Table 3.2. 
Table 3.2 Seismic processing flow 
Step Process 
1 Spherical divergence correction 
2 Convert Vibroseis shots to minimum phase 
3 Tomostatic and static correction to floating datum 
4 Ground roll noise attenuation 
5 Tau-P domain filter 
6 High amplitude de-spiking 
7 Linear noise attenuation 
8 Inverse Q phase compensation 
9 Surface consistent deconvolution 
10 Velocity analysis and surface consistent residual statics 
11 Surface consistent amplitude scaling 
12 3D binning and bin centering 
13 Residual amplitude scaling 
14 3D Pre-stack migration (preliminary) 
15 PSTM velocity analysis 
16 3D Pre-stack migration 
17 Radon de-multiple 
18 High velocity analysis and NMO correction 
19 Trim statics 
20 Outer/inner mute 
21 Full offset stack 
22 
Post stack processing (static correction, exponential gain, whitening, time 
variant filter, S/N enhancement) 
23 Statistical zero phasing 
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The seismic data used for this study is comprised of 3 angle stacks for inversion, plus 1 full 
stack for review, and 1 seismic migration velocity for low frequency model building. The 3 angle 
stacks are 
- Near-angle stack: 10-21 degrees 
- Mid-angle stack:   21-32 degrees 
- Far-angle stack:    32-43 degrees  
3.2   Seismic quality 
Near and far-angle stacks were spectrally whitened to match their amplitude spectral to mid-
angle stack amplitude spectra. Amplitude of near and far-angle stack was also exponential gained 
to match mid-stack amplitude. Statistical zero phasing was performed to all the angle stacks. 
Figure 3.3 is amplitude spectral plot of angle stacks used for this study. The amplitude spectra of 
the three angle stacks are well equalized. Seismic bandwidth is ranging from 6 Hz to 70 Hz. Each 
angle stack is low-cut and high-cut filtered with the given bandwidth limit, [0,0,5,7], and 
[50,60,70,80] to QC whether low and high frequency in the spectra is real reflectivity information 
and not noise (Figure 3.4). From the figure, dipping and geological feature are still observed and 
low and high frequency content of these angle stacks represent actual data and not noise.  
 
 
Figure 3.3 Amplitude spectrum of seismic angle stacks, each angle stack is well equalized.
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Figure 3.4 Seismic cross section (XL 17220) comparison: (a) low pass filtered; (b) high pass filtered; (c) original seismic. Both low and 
high frequency seismic data are containing geological information and are not a noise.   
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The seismic were acquired with a deep target consideration. However, there is a volcanic 
layer at around 400 ms that results in a strong reflection coefficient and affects seismic penetration. 
From a seismic review in a full-angle stack, it is observed that the western part of seismic survey 
has a complex fault structure. No well data are available is the western area.  Strong reflectivity 
volcanic layers are commonly observed in the southern part of survey. Seismic quality suffered 
from these layers as low seismic reflectivity is observed beneath volcanic layers. Figure 3.5 shows 
seismic characteristics commonly observed in this area. Due to seismic quality and well control, a 
study area will be scoped down to the central and northeastern part of the survey (Figure 3.6), 
covering 112 km2 of area.  
 
 
Figure 3.5 Seismic features (inline 4920), volcanic layer, complex faulted structure, basement, and 




Figure 3.6 Seismic and study area for seismic inversion 
 
3.3   Seismic preconditioning  
Frequency and amplitude of the three angle stacks had already been balanced. Amplitude is 
well preserved. Figure 3.7 shows an example of moved out CDP gathers after final processing has 
been done with the final stacking velocity. Events are flat in both near and far offset. 
To ensure seismic amplitude is still preserved, a seismic preconditioning process is used. 
Misalignment of reflector between each angle stacks is observed. This can lead to wrongly inverted 
impedance and density. Additional steps have been done to ensure the best inversion result. Time 
alignment is done on near and far-angle stacks to match to mid angle stack. Up to 4 ms of time 
shift is allowed for time alignment. Figure 3.8 is a comparison of angle stacks before and after 
time alignment along with the shifted time section. From the figure, seismic reflectors are better 




Figure 3.7 Example of moved out CDP gathers, the events are flat from near to far offset. Trim 





Figure 3.8 Example of seismic traces after time alignment; from left to right are near-angle stack, 
mid-angle stack, and far-angle stack respectively. All the main events are time matched. 
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3.4   Seismic to well tie and wavelet extraction 
Four wells that will be used as control points for low frequency model building are tied to 
seismic, two of them, KK-1 and MD-1, are used to extract wavelets from each seismic angle stack 
which will be later used as an input for seismic inversion.  
Initial time-depth relationship from a checkshot or integrated sonic log is first applied to all 
the wells. To correct for AVO effect, 3 reflection coefficient series, near-angle (average 15 degree), 
mid-angle (average 26 degree), and far-angle (average 37 degree) are calculated from P-wave 
velocity, S-wave velocity, and density log using the Zoeppritz (1919) equation. Each reflection 
coefficient series is convolved with an initial wavelet (Figure 3.9) to get a synthetic seismogram. 
This wavelet is statistical zero phase extracted from full-angle stacked seismic. Each synthetic 
seismogram from each angle is then compared to angle stack with the same reflection angle, near 
angle - 15 degree, mid angle - 26 degree, and far angle - 37 degree. Bulk time shift and stretch 
squeeze are applied to tie the well to seismic. Well that has time-depth relationship from sonic log 
may require more than 10% sonic log adjustment to properly tie well to seismic. Tied well log, 
synthetic seismogram, and seismic are displayed from Figure 3.10 to Figure 3.13. 
 
 
Figure 3.9 Initial statistical wavelet from full stack angle and amplitude spectrum plot, the wavelet 





Figure 3.10 Well KK-1 well tie and with synthetic seismic and mid angle (21-32 degree) stack. 










Figure 3.11 Well SN-1 well tie and with synthetic seismic and mid angle (21-32 degree) stack. 









Figure 3.12 Well MD-1 well tie and with synthetic seismic and mid angle (21-32 degree) stack. 












Figure 3.13 Well LK-1 well tie and with synthetic seismic and mid angle (21-32 degree) stack. 





After the initial well tie is performed, the wavelet from each angle stack and from each well 
is extracted. Various wavelet extraction parameters and techniques are tested to find the best 
wavelet which results in the highest cross-correlation between synthetic seismogram and seismic, 
and highest predictability value. Key consideration when choosing parameters is that phase error 
should be less than 15 degree, product between seismic bandwidth and time window should be 
between 5 to 12, and extraction window should also be in the interval of interest and contain a 
strong seismic reflector. Wavelet length should also be long enough to contain low frequency 
content, in this case the lowest is 6 Hz. Tested wavelet extraction techniques are documented in 
White (1980), another two methods are the parametric constant phase, and a Bayesian wavelet 
estimation method (Ikon Science, n.d.). 
Well tie and wavelet extraction in this area has proven to be a challenge. As discussed earlier, 
in some areas, seismic reflection is diminished below volcanic layers and so the extracted wavelet 
may be of very poor quality and highly uncertain. Another challenge is well location, MD-1 and 
KK-1 wells that are used for wavelet extraction were drilled near a fault plane to originally explore 
a fault trap play in the conventional sandstone reservoir. Thus, seismic quality that is used for 
wavelet extraction has a poor quality due to fault shadow. The deviated trajectory of those wells 
also results in inconsistency of seismic trace that is used to compare with the synthetic data.  
Based on cross correlation, wells KK-1 and MD-1 are used for wavelet extraction. Extracted 
wavelets from the two wells and from a different extraction methods are convolved with reflection 
coefficient series to determine which wavelet results in the best cross-correlation and best 
predictability between synthetic seismic and angle stack seismic. A wavelet from the KK-1 well 
that is extracted using the parametric constant phase provided the overall best wavelet and will be 
later be used for simultaneous inversion. The best extracted wavelet for each angle stack is 
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convolved with a reflection coefficient series and re-tied with each angle stack again to optimize 
the time-depth relationship in each well. The wavelet is re-extracted again to obtain the best 
wavelets possible. Best extracted wavelets from KK-1 are displayed in Figure 3.14. 
    




Figure 3.14 Extracted wavelet from well KK-1 with spectral and phase plot from: (a) near-angle 
stack (10-21 degree); (b) mid-angle stack (21-32 degree); (c) far-angle stack (32-43 degree). 
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3.5   Seismic resolution 
Based on dominant frequency and average formation velocity in this area, the tuning 
thickness or ¼ of wavelength is around 10 m. Sandstone layer in the focused interval is relatively 
thin, less than 10 m. High acoustic impedance volcanic layers are also expected to randomly occur 
within the interval. Understanding how these layers affect seismic amplitude and level of 
detectability is important for reservoir characterization or any analysis on inverted acoustic 
impedance. Synthetic seismograms are performed on a “wedge earth model” to determine the 
lowest thickness of layer that doesn’t cause tuning in seismic signal (Figure 3.15). The model is 
done for both sandstone and volcanic rock. Formation velocity and density information are listed 
in Table 3.3. A final extracted wavelet from mid-angle stack is used. 
From wedge modeling, the level of detectability or the thinnest layer that seismic data can 
identify is 13 m for sandstone layer and 33 m for volcanic layer. High reflection coefficient 
between shale and volcanic result in a higher tuning thickness. Volcanic layers in this area are 
expected to be within a range from 10 to 100 m and so some layer cannot be correctly inverted to 
proper properties. 
Table 3.3 Petrophysical properties of each lithology used for wedge model 
Lithology VP (m/s) VS (m/s) Density (g/cm3) 
Shale 2000 1000 2.0 
Sandstone 2200 1100 2.2 
Volcanic rock 5500 3100 2.7 
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(a)                                                                             (b) 
Figure 3.15 Synthetic seismic on wedge earth model. Graph below are extracted amplitude (blue) 
along bottom horizon and formation thickness (red): (a) shale and sandstone; (b) shale and volcanic 













This chapter will discuss simultaneous inversion. This discussion includes low frequency 
model building which is used as an input for inversion to convert from inverted relative properties 
to absolute properties. Inversion results are used for reservoir characterization will be discussed in 
Chapter 5. 
4.1   Low frequency model building 
Frequency bandwidth of the seismic data set is from 6 Hz to 60 Hz. A low frequency model 
is a crucial part in seismic inversion as inverted properties without low frequency information will 
only be relative properties. Low frequency information is added to an inverted impedance to get 
the final absolute inverted properties which will later be used for reservoir characterization 
(Limpornpipat, 2013). 
Inputs for low frequency model building are the P-wave velocity, S-wave velocity, and 
density from well logs. Seismic horizons are used to constrain properties in the model. Seismic 
migration velocity is used as a secondary data to guide an interpolation of well properties. 
Geostatistical techniques are used to interpolate information. 
Two horizons that are used to constrain the low frequency model are: 
- Top unconformity above the Chum Saeng Formation 




Figure 4.1 Seismic, well log, and seismic velocity bandwidth. Seismic data do not contain low 
frequency information and therefore low frequency information from well log and seismic velocity 
information are required to supplement the inversion result. 
 
4.1.1   Variogram model building 
The variogram is defined the variance of the difference between two values (Cressie, 1993). 
“Experimental, or empirical variogram, γ(h)” is obtained from field data and can be expressed in 
Equation 4.1. 
� ℎ =  | | ∑ ( − )                                                       (4.1) 
N is a set of all pair and |N| is the number of pairs. Zi and Zj are the 2-points of data value in 
each pair and h is a representative vector containing how the two points are related in term of 
direction and magnitude of difference. 
Prior to data interpolation or kriging of the low frequency model, an experimental variogram 
needs to be calculated from actual well data. A representative variogram model is later built after 
an experimental variogram is created. Variogram model contain information of range or distance 
54 
of influence, nugget or uncertainty, variance, and type of curve which determine the rate of data 
change (rapidly or gradually). A variogram model is later used as an input for kriging. An 
experimental variogram is normally calculated from primary data or control points. There are 4 
wells available in the study area located in a north-south trend and therefore variogram can’t be 
properly derived (only 6 pairs of data and no directional information). Seismic interval velocity of 
the interested section is thus used to calculated a 2D variogram instead. Experimental variogram 
from seismic velocity is shown in Figure 4.2. Model variograms are built with parameters listed 
Table 4.1. 
Table 4.1  Model variogram for kriging interpolation 
Information Value 
Azimuth 65 
Range: along azimuth (m) 7500 
Sill: along azimuth 8.185E4 
Model: type along azimuth Exponential 
Range: perpendicular to azimuth (m) 7300 
Sill perpendicular to azimuth 1.254E5 
Model type perpendicular to azimuth Spherical 
Range vertical (ms) 400 
Sill perpendicular to azimuth 4.492E6 
Model type perpendicular to azimuth Gaussian 




Figure 4.2 Experimental variogram from seismic interval velocity and model variogram.  
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4.1.2   Data interpolation 
Four interpolation methods are tested to build the low frequency model (Figure 4.3). A blind 
well analysis will be later performed to determine which interpolation method result to the most 
accurate for inversion. 
- 1/R2: Low frequency data is built using the primary data from a well. Influence of primary 
data is weighted by the inverse-square of distance from control point (1/R2). The farther from 
control point, the lower its influence. 
- Ordinary kriging: Similar to simple kriging, this method is a univariate kriging and 
assuming stationarity of primary data, i.e. constant mean and constant variance (Ikon Science, 
n.d.). Unlike simple kriging, the mean of data doesn’t have to be defined as a sum of variogram 
weight is 1. 
- Strictly collocated co-kriging: Co-kriging is a multivariate kriging. Secondary data, which 
are more abundant, are used as part of kriging. Covariance between two datasets is determined 
using the Markov Bayes approximation method. Prior to co-kriging, primary and secondary data 
have to be spatially correlated to attain a correlation coefficient. This kriging method uses the 
simple kriging with one additional term corresponding to the secondary data (Ikon Science, n.d.). 
- Multi-collocated co-kriging: Similar to the strictly collocated co-kriging, this method 
implement secondary information to guide a kriging, but instead of using only well data at well 
locations, this method also uses secondary data at the well location as well. Rather than using a 
constant mean, the mean varies based on secondary data. Covariance and kriging is determined on 
the residuals. Relationship between primary and secondary data must be established prior to the 







Figure 4.3 Low frequency model from each interpolation method.
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4.2   Amplitude versus offset (AVO) 
From the Zoeppritz equation (1919) or its approximation, it is well understood that density 
from inversion is typically unstable and unreliable. A large incident angle is required for a stable 
density output (Li, 2005). With a certain condition, when density is mainly contributing to 
reflection coefficient, density can be accurately estimated with only limited angle of offset (Kabir 
et al., 2006). Figure 4.4 from Behura et al. (2010) shows AVO effect from density in near and mid-
angle of incidence.  
 
 
Figure 4.4 AVO on P-wave reflection coefficient from a block model, upper layer properties are 
VP = 2560 m/s, VS = 1036 m/s, and density = 2.4 g/cm
3. The lower layer properties are VP = 2743 
m/s, VS = 1524 m/s, and density = 2.0 g/cm
3. Curve variations are due to density variation in the 
lower layer from 1.6 to 2.4 g/cm3 (Behura et al., 2010) 
 
Highest angle for the RTG dataset is approximately 43 degree, which is likely to be 
insufficient for an accurate inverted density. To determine whether density results from 
simultaneous inversion in the RTG is valid and reliable or not, AVO analysis of P-wave reflection 
coefficient on a blocky model is done. Two main rock interfaces are commonly found in the study 
area, shale-sandstone, and shale-volcanic rock. Input petrophysical properties are averaged value 
from well logs in the seismic area and are listed in Table 4.2 and Table 4.3. The lower layer of 
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density is varied from 1.9 to 2.5 g/cm3 for sandstone layer, and from 2.3 to 2.9 g/cm3 for volcanic 
rock to observe an AVO effect. Final AVO analysis results, including reflection coefficient vs 
incident angle plot and intercept-gradient plot are displayed in Figure 4.5 and Figure 4.6. 
Table 4.2 Petrophysical properties of shale-sandstone interface for AVO analysis 
Properties VP (m/s) VS (m/s) Density (g/cm3) 
Upper-Shale 2200 1100 2.1 
Lower-Sandstone 2700 1500 1.9, 2.1, 2.3, 2.5 
 
Table 4.3 Petrophysical properties of shale-volcanic rock interface for AVO analysis 
Properties VP (m/s) VS (m/s) Density (g/cm3) 
Upper-Shale 2200 1100 2.1 




   
a)                                                                           b) 
Figure 4.5  AVO analysis result: Reflection coefficient - Incident angle plot of a) shale-sandstone 
interface; b) Shale-volcanic rock. Changing in density result to a low variation in AVO response. 
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a)                                                                          b) 
Figure 4.6 AVO analysis result: Gradient - Intercept of a) shale-sandstone interface; b) Shale-
volcanic rock. Changing in density result to a low variation in AVO response. 
 
From the analysis, density is determined from variation in AVO response and can be 
separated by reflection coefficient vs. incident angle and gradient vs. intercept plots. However, 
from the plots, the effect of density is quite subtle. Based on seismic and wavelet quality, inverted 
density from seismic is likely be unstable and is considered uncertain. Inverted density has to be 
used with caution. 
4.3   Simultaneous seismic inversion 
This is a crucial step for this study as it is the transformation of geophysical information into 
petrophysical information. The process starts with the forward modeling of rock properties. The 
inversion is a process that uses actual seismic trace to backward model the seismic trace into a 
rock model. With a proper operator, the inversion can accurately regenerate rock properties 
(Barclay et al., 2008). Simultaneous inversion is a type of pre-stack inversion that simultaneously 
results in P and S-impedance, and density. A set of seismic angle stacks and its wavelet, and low 
frequency model built from well log will be used in the simultaneous seismic inversion process.  
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Ideally, simultaneous inversion uses the Zoeppritz equation (1919)  as a linear approximation 
to solve for the elastic impedance (Kemper, 2010). The low frequency model based on well log 
was used as an initial input to reduce the difference between assumed and observed model. The 
misfit between the two is called the objective function. Forward modeling is performed on the 
initial model and then compared to the actual seismic data. The process is repeatedly performed 
until the misfit between the forward model and actual seismic (Ma, 2002). Objective function for 
seismic inversion is expressed in Equation 4.2. The inversion workflow can be schematically 
displayed as shown in Figure 4.7 
�  =  ‖ − ℎ ‖ + � ‖ − � ‖              (4.2) 
S is seismic trace, Z is rock properties, and Mw is model weight or a factor that determine 
how much is the influence of background model in the inversion process. Based on the three-term 
Aki-Richards (1980) approximation of the Zoeppritz equations (1919), a rewrite was suggested by 
Fatti et al. (1994) and by Smith and Gidlow (1987) as expressed in Equation 4.3. 
� = + � � − � � � + � � − � ℎ                      (4.3) 
R is reflectivity or a contrast in elastic properties, K is a square of Vp/Vs, and θ is incident 
angle. The proposed equation demonstrates that PP-reflectivity extracted from seismic data can be 
split into three terms, and can be subsequently inverted to acoustic impedance, shear impedance 
and density. However, in terms of this equation, the density term is a relatively minor component 




Figure 4.7 Simultaneous inversion flow chart with inputs and results. The approximated equation 
for AVO is from Smith and Gidlow (1987).  
 
4.3.1   Parameters testing 
Seismic inversion is initially done at well locations. Inversion results are then compared to 
well logs to determine best inversion parameters. Tested parameters are: 
Wavelet: From wavelet extraction analysis in Chapter 3, extracted wavelets from KK-1 well 
are used. Wavelet extraction test from other wells show a high seismic phase variation. This might 
be because of quality of well tie and seismic itself, or could be because of seismic attenuation due 
to volcanic layers. As explained by the processing report, seismic of the RTG area has been 
processed into zero phase. Beside original wavelets from KK-1 with around 40-50 degree phase, 
wavelets from KK-1 well are rotated into zero phase to determine if inverted seismic results are 
enhanced or not. 
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Model weight: As explained earlier, model weight control a background effect on inversion 
results. Model weight value of 3%, 5%, 8%, 10%, and 20% were tested. 
Impedance factor: Impedance factor determine how much weight is applied to each 
individual inverted output. In this case impedance factor for S-impedance and density are adjusted. 
Stack weights: In case that each stack has a different signal to noise ratio, some stack that 
has a poor quality and high uncertainty can be weighted down.  
Low frequency cutoff (high pass filter): This parameter determines a frequency limit of the 
low frequency model. The value of frequency should be ideally based on seismic bandwidth. 
Final inversion parameters that result in the highest cross correlation and predictability 
between properties from well log and from seismic inversion are listed in Table 4.4. Final inverted 
seismic and well comparisons together with correlation are displayed in Figure 4.8 to Figure 4.11. 
Table 4.4  Final simultaneous inversion parameters 
Parameters Value 
Wavelet 
From KK-1 well (Chapter 3), no phase 
rotation 
Model weight 0.05 
Impedance factor AI:1, SI:4, Rho:3 
Stack weights Near:1, Mid:1, Far:1 
Low frequency cutoff 0-0-6-10 Hz 




Figure 4.8  KK-1 well: comparison of P-impedance, S-impedance, and density between well log and seismic inverted data together with 




Figure 4.9  LK-1 well: comparison of P-impedance, S-impedance, and density between well log and seismic inverted data together with 




Figure 4.10  MD-1 well: comparison of P-impedance, S-impedance, and density between well log and seismic inverted data together 




Figure 4.11  SN-1 well: comparison of P-impedance, S-impedance, and density between well log and seismic inverted data together 
with actual seismic and synthetic traces. Cross correlations between well log and inverted data are listed at the bottom of track.
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4.3.2   Blind well analysis 
Blind well analysis is performed on KK-1 and SN-1 well to determine which interpolation 
method results in the best low frequency model. One of the two wells are removed from primary 
data during the low frequency model building. Seismic inversion is then performed. Results from 
seismic inversion are compared with logs from the dropped well. A cross correlation value is 
determined.  
Table 4.5 is the cross correlation of P-impedance value between well log and inverted data 
from each interpolation method and interpolation parameters. Most interpolation methods result 
in a similar correlation number. By determining the principle behind each interpolation method, 
the collocated co-kriging is the most suitable technique to interpolate data in a situation where well 
data are sparse and petrophysical properties are expected to vary spatially. Secondary data, in this 
case are seismic velocities, are used in the kriging process. Therefore, the strictly collocated co-
kriging is used as an interpolation method for the low frequency model. Inverted P-impedance 
from well logs are compared and displayed with an inverted P-impedance section with one well 
dropped out from the low frequency model in Figure 4.12. The well SN-1 has a relatively low 
correlation. This is because seismic quality at SN-1 well location is poor due to fault shadowing. 
The well is also highly deviated and so seismic traces along well trajectory that are used to compare 
with synthetic data are highly varying. 
4.3.3   Volcanic layer in the low frequency model 
Low frequencies play a major role in the final inverted result. From the preliminary inverted 
result, it can be observed that there is a presence of high P-impedance layer of what is likely to be 
a volcanic layer. However, comparing seismic data and inverted P-impedance, no seismic event or 
reflector that indicate a volcanic layer in that interval is shown. This high P-impedance zone is 
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entirely driven by the low frequency model (Figure 4.13). The presence of volcanic layers is 
random and inconsistent within the Chum Saeng and the Lan Krabu Formations. With only 4 
control points and 2 control horizons, it is impractical to properly build the model incorporating 
volcanic layers. Excluding volcanic layers result in a more consistent model. However, there is the 
down side of exclusion. Inverted seismic data require low frequency information to get an absolute 
value. The high impedance information of volcanic layers has been removed from the model, 
inverted seismic of volcanic layers will be a relative value. However, this relative impedance of 
volcanic layers is still relatively high comparing to clastic sediments and thus can still be identified. 
The focus of seismic inversion for this study is to evaluate an unconventional shale reservoir, 
therefore non-absolute values of volcanic rocks is considered acceptable. 
Table 4.5 Data interpolation parameters and cross correlation between inverted data and well log 






Inverse distance no input required 0.73 0.51 
Ordinary kriging 
mean VP = 2560 m/s 
mean VS = 1130 m/s 





VP correlation coefficient = 0.5  
Vs correlation coefficient = 0.6  
Rho correlation coefficient = 0.5 




VP correlation slope = 1.17, Intercept = -785 
Vs correlation slope = 0.56, Intercept = -278 
Rho correlation slope = 0.00046, Intercept = 0.97 





a)                                                                                                 b) 
Figure 4.12 Blind well analysis: comparison of P-impedance between well log and from seismic inversion with one well is taken out 
from the low frequency model; a) KK-1 well; b) SN-1 well. Blind well analysis shows a good correlation between actual well impedance 







Figure 4.13 A comparison of P-impedance between: a) low frequency model that is including 
volcanic rock properties in the model; b) Inverted seismic using the given low frequency model. 
Black arrows indicate a high P-impedance layer which is the result from interpolation of volcanic 
rock properties from wells. This high P-impedance results in an unrealistically high inverted P-
impedance zone. Colors in well are lithology, red is volcanic rock. 
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4.3.4   Inversion result 
Full simultaneous seismic inversion was performed on 3 angle stacks of the RTS area using 
parameters and input data previously discussed. Three main properties are output from the 
inversion, including P-impedance, S-impedance, and density. The seismic angle stacks are inverted 
from unconformity horizon above the Chum Saeng Formation to 200 ms above basement horizon.  
- Inverted P-impedance data is ranging from around 600 to 11000 m/s*g/cm3.  
- Inverted S-impedance data is ranging from around 300 to 6000 m/s*g/cm3.  
- Inverted density data is ranging from around 1.7 to 3.2 g/cm3.  
From the final inversion products (Figure 4.14 to Figure 4.19), P and S-impedance both have 
a similar pattern. Inverted density is generally noisier and unstable due to the low angle of offset 
of the survey as discussed in section 4.2. Alternating patterns of high impedance and low 
impedance layers of clastic rocks are commonly observed. The northeastern part of the survey 
which is deeper, has a relatively high P and S-impedance and has a more continuous lithology 
(Figure 4.14 and Figure 4.15). This may be due to a change in depositional environment. P and S-
impedance are increasing with depth toward the basement as sandstone is expected to be present 
in the deep section and because of the sediment compaction. Very high impedance and density 
layers of volcanic rock are randomly observed. Below these layers, geological features are vague 
and unclear due to high reflectivity of the volcanic layers. As a result, the section below volcanic 
layers are unreliable. Overall, inversion products are acceptable. Data are in a reasonable range 
and matched to the wells. Lithology and geological feature can be identified prior to lithofacies 






Figure 4.14  Arbitrary line of inverted P-impedance passing through wells. Displayed along well track is P-impedance from well log. 







Figure 4.15  Arbitrary line of inverted S-impedance passing through wells. Displayed along well track is P-impedance from well log. 







Figure 4.16  Arbitrary line of inverted density passing through wells. Displayed along well track is P-impedance from well log. The 





Figure 4.17  Map view of inverted P-impedance. Prior to data extraction and display, Gaussian 
smoothing with 50 ms window is run through the cube. The value of P-impedance data is extracted 
200 ms below top unconformity horizon. The southern part of the survey has a relatively lower P-












Figure 4.18  Map view of inverted S-impedance. Prior to data extraction and display, Gaussian 
smoothing with 50 ms window is run through the cube. The value of S-impedance data is extracted 
200 ms below top unconformity horizon.  The southern part of the survey has a relatively lower S-












Figure 4.19  Map view of inverted density. Prior to data extraction and display, Gaussian 
smoothing with 50 ms window is run through the cube. The value of density data is extracted 200 
ms below top unconformity horizon. The southern part of the survey has a relatively lower density 





RESERVOIR CHARACTERIZATION AND RESULTS 
 
This chapter will discuss how to implement results from well analysis and seismic inversion 
to characterize the unconventional shale reservoir. The goal of reservoir characterization is to 
obtain key reservoir parameters including facies, elastic modulus, brittleness, and organic richness. 
With this information, “sweet spot” exploration can be initiated. 
5.1   Facies analysis and Bayesian classification 
From facies analysis Chapter 2, there are 3 main facies, sandstone, shale, and volcanic rock. 
Sandstone and shale are difficult to separate. On the other hand, the volcanic layer can be easily 
separated from clastic rock by P-impedance. Two dimensions Probably Density Functions (2D-
PDFs) are generated for each lithology based on Vp/Vs and P-impedance crossplot using data from 
well log (Figure 5.1). No prior is set for 2D-PDFs and they are directly calculated from the 
crossplot. This technique is called the non-parametric PDFs (Bachrach et al., 2004). 2D-PDFs are 
used on inverted P-impedance and Vp/Vs to derive facies cube and its probability cube. To apply 
2D-PDFs on seismic, the Bayesian’s classification method is used. The method is based on Bayes’ 
theorem to determine facies distribution statistically. The Bayes’ theorem is expressed in equation 
5.1 
|� =  �|�                                                           (5.1) 
C is type of facies. X is seismic derived information, in this case are P-impedance and VP/VS. 
P(c) is a-prior probability for C, i.e. probability of getting a certain type of facies. P(x) is the 
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probability of X or seismic derived information. P(X|c) is the probability of X (seismic derived 
information) knowing that we are in class C, i.e. distribution of P-impedance and VP/VS in a certain 
type of facies.  
 
 
Figure 5.1  Crossplot between Vp/Vs and P-impedance overlay with 2D-PDFs (displayed as 
Gaussian contour lines) of each facies. 2D-PDF of sandstone and shale are overlapping and cannot 
completely separate the two facies. 
 
Prior probability or the probability of each facies is adjusted to get the best match between 
facies from well log and from the inverted seismic. Using original prior probability based on a 
presence of each lithology in well log result to an overestimation of shale volume. This is due to 
an overlapping between shale and sandstone in the 2D-PDFs. The prior probabilities are therefore 
manually adjusted to match a proportion of lithology between well log and an inverted lithology 
cube from seismic. Final parameters, probability of each lithology, and inverted lithology are listed 
in Table 5.1, Figure 5.3, and Figure 5.4.  
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Table 5.1 2D-PDFs and Bayesian classification parameters 
Facies Prior probability Additional parameter 
Shale 0.1 
Less than 5% of frequency is 
cut off 
Sandstone 0.7 




Figure 5.2  Inverted facies from 2D-PDFs using the Bayesian classification. Prior probabilities are 





Figure 5.3  Inverted facies from 2D-PDFs using the Bayesian classification. Prior probabilities are 




Figure 5.4  Probability of each facies from the Bayesian classification. 
 
From the inverted result in Figure 5.3, the main facies in the section is shale. A thin layer of 
volcanic rock is sparsely present in high P-impedance layers. Sandstone is sparsely appearing 
throughout the section. Inverted sandstone layers from the seismic are typically thin and 
discontinuous. The southern part of the survey (right side of section) has an overestimated amount 
of sandstone. This is confirmed by well data around that location. Inverted sandstone in the study 
area is considered unreliable and highly uncertain. This is because sandstone layer in the study 
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area is typically thinner than the tuning thickness and seismic resolution. From VP/VS and P-
impedance crossplot (Figure 5.1), sandstone and shale are overlaid and may be hard to 
differentiate. Identifying sandstone from the two properties is obscure as it can be both sandstone 
and shale. Another reason is that the 2D-PDFs that are used for facies classification are derived 
from only 4 wells with a predicted S-wave velocity log. Moreover, from the section, parts of survey 
can’t be identified into any lithology. Therefore, manual adjustment and interpretation on facies is 
required for facies identification. The adjustments are listed. Final facies cube is shown in Figure 
5.5. 
- Unidentified facies is re-identified as shale, which is the most common lithology in the 
RTS area. 
- If P-impedance layer is above 9500 m/s*g/cm3 and shallower than 1300 ms, the facies is 
re-identified as volcanic layer. Sandstone layer in the shallow section commonly has a 
similar P-impedance value to shale. From geological review, volcanic layers are only 
occurring in the Chum Saeng and Lan Krabu Formations. High P-impedance in the deep 
section is likely to be the P-sandstone Formation. 
- If acoustic impedance is lower than 4000 m/s*g/cm3, the facies is re-identified as shale. 
This is done because in the southeastern part of the survey (right side of section in Figure 
5.3), presence of sandstone is unreasonable high and so it has to be lowered to a proper 
proportion pf sandstone to shale. 
After manual adjustment and comparing to well data, the final facies cube has a reasonable 
distribution and proportion of each facies. As discussed earlier, identifying sandstone is not exact 
and therefore this lithofacies cube can’t be directly identify facies for exploration and production, 
e.g. sandstone with a certain thickness will be found on this location and depth. However, the cube 
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can be used as an indicator for type and distribution for each facies in each area. This helps 
determining, for example, which area has a chance to have more continuous sandstone, or which 
area is likely to have volcanic sill layer.  
5.2   Reservoir properties 
Seismic inversion results are converted into reservoir properties. Three main reservoir 
properties are analyzed 
5.2.1   Elastic modulus 
From Chapter 2, dynamic elastic modulus can be calculated from P-wave velocity, S-wave 
velocity, and density. The results from seismic inversion (P-impedance, S-impedance, and density) 
are used to calculate for elastic moduli, i.e. Young’s modulus, Poisson’s ratio, bulk modulus, and 
shear modulus (Equation2.8-2.11).  
Dynamic moduli are indicating a harder or a more rigid rock than static moduli and therefore 
must be calibrated back to static moduli. Elastic modulus cubes are converted to static modulus 
cubes using empirical relationships derived previously from core samples (Equation2.12-2.14). To 
observe how each modulus is varying spatially, Gaussian smoothing with 50 ms of window is run 
on each modulus cube. An intermediate horizon between Unconformity and Basement horizons is 
generated. Intermediate horizon is a quarter of isochron thickness between the two horizons below 
Unconformity horizon. Averaged value is then instantaneously extracted along intermediate 
horizon around a focused interval. The extracted modulus map is then compared with a section 
passing through the survey (Figure 5.6-Figure 5.9).  
Figure 5.6 to Figure 5.9 show that most of elastic moduli are showing the same trend of data 
variation and as a result are all related. The value for each type of modulus is in a reasonable range. 
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Each modulus value is also agreeable, e.g. formation that has high Young’s modulus also has low 
Poisson’s ratio. Variation in elastic moduli reflect a variation in geology of rock such as mineral 
component, grain size, fracture, and lithology. Each modulus is discussed. 
- Static Young’s modulus (Estatic): the modulus ranges from about 3 GPa to 20 GPa. Volcanic 
rock has a high Young’s modulus, about 20 GPa. Sandstone commonly has a lower 
Young’s modulus than volcanic rock, about 10-15 GPa. Shale has the lowest value, lower 
than 15 GPa. From section and basemap view (Figure 5.6), the southern part of the survey 
where more shale is present has low Young’s modulus values. The northeastern part of 
survey where more sandstone is present has a relatively high Young’s modulus. There is a 
high amount of silica in northeastern part of the area. From the Young’s modulus map, 
patches of very high Young’s modulus (about 20 GPa) are observed. These are volcanic 
rock layers. 
- Poisson’s ratio ( static): The value is aligned with Young’s modulus and is in a reasonable 
range. Volcanic rock has the lowest Poisson’s ratio followed by sandstone and shale 
respectively. Volcanic rock is typically less than 0.15. Sandstone ranges from 0.15 to 0.25. 
Shale ranges from 0.2 to 0.4. The southern part of survey has relatively high Poisson’s 
ratio, while in the northeastern part has a lower Poisson’s ratio. 
- Static bulk modulus (Kstatic) is ranging from 6 GPa to 10 GPa. Similar to Poisson’s ratio 
and Young’s modulus, the southern part of survey has a relatively low bulk modulus. This 
may be due to low quartz or silica content in shale in that particular area. 
- Static shear modulus ( static) is ranging from 2 GPa to 7 GPa. The southern part of the 
survey has low shear modulus and is indicative of low brittleness or ductile rock.  On the 





Figure 5.5  Final inverted facies from 2D PDFs using the Bayesian classification and after manual interpretation. Thick continuous 
layers of sandstone are present in the northern part of the survey. Volcanic layers are sparsely occurring along the section. The southern 





Figure 5.6  Arbitrary section of static Young’s modulus and extracted map of averaged Young’s 
modulus (50 ms window of Gaussian average) along intermediate horizon. The northern part of 








Figure 5.7 Arbitrary section of Poisson’s ratio and extracted map of averaged Poisson’s ratio (50 
ms window of Gaussian average) along intermediate horizon. The Poisson’s ratio value is not 








Figure 5.8  Arbitrary section of static bulk modulus and extracted map of averaged bulk modulus 
(50 ms window of Gaussian average) along intermediate horizon. The northern part of the survey 








Figure 5.9  Arbitrary section of static shear modulus and extracted map of averaged shear modulus 
(50 ms window of Gaussian average) along intermediate horizon. The northern part of the survey 
where sandstone is more present has a relatively high shear modulus. 
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5.2.2   Brittleness 
To better elaborate rock properties from elastic moduli, seismic derived brittleness, or 
brittleness from Young’s modulus and Poisson’s ratio is calculated using Equation 2.15 by 
Rickman (2008).  In general, brittle rock is the rock that has the ability to fail by fracturing, low 
value of elongation, higher resilience (Huck and Das, 1974). Brittle rock results in a more effective 
hydraulic fracturing as fractures are easily propagated and tend to remain open. As discussed 
earlier in Chapter 2, brittle rock tends to has a high Young’s modulus and low Poisson’s ratio, and 
vice versa for ductile rock. Calculated brittleness section and extracted map is in Figure 5.10. 
From Figure 5.10, the most brittle zone is an interval where large layers of sandstone are 
present in the northeastern part of survey. This is the same as what all the elastic moduli have 
suggested. The central part of the survey area has the lowest brittleness. A very brittle zone is 
volcanic rock layer. The southern part of survey has intermediate brittleness comparing to the rest. 
Based on brittleness, northeastern zone is the most favorable zone for hydraulic fracturing. 
However, this might not be the best location as TOC is likely to be low. 
5.2.3   Total Organic Carbon (TOC) 
Beside brittleness and elastic moduli, one other property that can be converted from P-
impedance is the organic richness or TOC. Empirical relationship from Equation 2.7 in Chapter 2 
is applied to the inverted P-impedance to get the TOC cube. A calculated TOC section and 
extracted map is slower in Figure 5.11. 
From Figure 5.11, the highest TOC zone is an interval where a high amount of shale is present 
in the southern part of survey. The northeastern part of survey has the lowest TOC, which is aligned 





Figure 5.10  Arbitrary section of brittleness and extracted map of averaged TOC (50 ms window 
of Gaussian average) along intermediate horizon. The northern part of the survey has a relatively 








Figure 5.11  Arbitrary section of TOC and extracted map of averaged brittleness (50 ms window 





5.2.4   Co-rendering attribute 
Each shale reservoir is different in terms of reservoir properties and production parameters. 
Finding optimized parameters to maximize the production requires a thorough study of geology, 
geophysics, engineering, and a period of trial and error to find the best solution. Thus, there is no 
one “rule of thumb” that can be applied to any new reservoir. 
A successful unconventional shale reservoir is relying on richness of organic content and the 
ability to extract fluid from shale through hydraulic fracturing (Holden et al., n.d.). This means the 
rock should have a high TOC to ensure the presence of hydrocarbon and high brittleness for 
effective hydraulic fracturing. To better identify an area where there is high TOC and brittleness, 
co-rendering between TOC and brittleness are done (Figure 5.12 and Figure 5.13). 
- Brittleness is cut off and displayed with values above 30%. TOC is cut off and displayed 
with values above 4%. The two properties are then displayed together to see the overlap 
area (Figure 5.12), which is an ideal area for unconventional shale reservoir exploration. 
 
- Normalized Brittleness-TOC product: The attribute is calculated by Equation 5.2. From the 
equation, brittleness and TOC are normalized with the highest value. The two properties 
are then multiplied (Figure 5.13). The area with high TOC and brittleness will result in a 
high attribute value. Area with high TOC and low brittleness, or low TOC and high 













Figure 5.12  Arbitrary section of Normalized Brittleness-TOC product and extracted map (50 ms 
window of Gaussian average) along intermediate horizon. Hot color indicate a zone with high 








Figure 5.13  Arbitrary section of area with TOC above 5% and brittleness above 30%, and 
extracted map (50 ms window of Gaussian average) along intermediate horizon. Zone that met 
criteria is highlighted in yellow. 
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From co-rendered attributes, the southern parts of survey have the TOC above 4% and 
brittleness above 30% and so the normalized product between TOC and brittleness is high. This 
makes the southern part of survey the most favorable exploration area. 
5.3   Time to depth conversion 
Final reservoir property cubes are converted to the depth domain. In the RTS area, only SN-
1 well has checkshot data. High velocity variation is not expected to occur within the area. 
However, based on seismic interval velocity (PSTM migration velocity) and structural overview 
of the area, there are velocity variations. To capture velocity variation in the area, seismic velocity 
is scaled to a checkshot data from SN-1. The scaled velocity is then integrated with time to get a 
depth value. Seismic reference datum (SRD) is at mean sea level, replacement velocity or under-
burden velocity used for data above SRD is 2000 m/s. 
5.4   Integrated interpretation 
From elastic moduli, TOC, brittleness, and co-rendered attributes, the study area can be 
characterized into zones. The northwestern part of the survey has a relatively poor quality of shale 
reservoir. Brittleness and TOC is low. Complex fault structure also makes this area unfavorable 
for shale reservoir exploration. The southern part of survey has an intermediate brittleness and 
high Poisson’s ratio. The area is shallow and is the thickest section of shale. The northeastern part 
of the survey has a relatively high amount of sandstone. Sandstone is thick and continuous. Quartz 
content in this area is expected to be relatively high and the rock is brittle. However, presence of 
organic rich shale is questionable. The formation in this part of survey is also deeper. Large patches 
(1-4 km2) of volcanic layer is present around KK-1 well, SN-1 well, and in the middle part of the 
survey. Volcanic layers can promote maturation of shale, however it is likely to be insignificant. 
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Volcanic rock results in a low seismic resolution below the volcanic interval and makes it difficult 
for exploration. 
In terms of geology, paleo-depositional environment of the Chum Saeng Formation reviewed 
by Pinyo (2011) suggests a Fluvial-Lacustrine environment. Paleocurrent during the time is from 
northeast to southwest. By schematically overlay RTS area on the conceptual paleo-environment 
(Figure 5.14), it can be observed that northeastern part of survey is likely to contain more sandstone 
as it is located closer to the alluvial plain and lake-margin. The southern part of survey should 
contain more organic-rich lacustrine shale. 
Another observation on the inverted results is a low value of the inverted density and P-
impedance. This area has a thick section of shale and low amount of sandstone. These 
characteristics may refer to overpressure from hydrocarbon generation in this area. Organic 
maturation in shale results in a higher porosity as kerogen is transformed to liquid, thus density 
and P-impedance is lower. Generated hydrocarbon is causing overpressure in a shale interval. Only 
5 wells were drilled in the survey and only the MD-1 well was drilled in that area of low P-
impedance zone. No clear evidence of overpressure is found in the MD-1 well as the well hadn’t 
collected any pressure information and the main lithology in that well is shale. Thin layer of 
sandstone lens might not be large enough to cause a significant overpressure indication such as 
mud kick. Overpressured shale will contain more fracture. 
A target location or area within a reservoir that represents the best production or potential 
production is called the “sweet spot” (Schlumberger, 2017). However, the term is a colloquial 
expression and subjective. This study defies a sweet spot as an area where is favorable for a shale 
reservoir exploration, i.e. high TOC and brittleness. With all the analyses, the best exploration and 
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development area or the sweet spot is the southern part of survey around MD-1 well (Highlighted 
in red polygon in Figure 5.16). This area has the following properties and features: 
- High TOC (above 4%) 
- Intermediate to high brittleness (above 30%) 
- Shallow (approximately from 650 to 850 mTVDSS) 
- Arial coverage 14 km2 
- Non-complex structure 
- Possible overpressure due to hydrocarbon maturation 
The MD-1 well located within the identified sweet spot area. The well was drilled in 1985 
for conventional reservoir operation. Data from this well are limited. To support the finding, well 
data from the MD-1 are analyzed. The ΔlogR technique is used to determine overlapping between 
P-wave sonic and resistivity logs. ΔlogR can refer to organic richness of source rock (section 2.4). 
Figure 5.15 is the comparison of ΔlogR from the 4 wells in the area. From the comparison, the 
MD-1, which located within the sweet spot has the highest ΔlogR value. The SN-1 well, which 
located around the edge of the sweet spot location also has a relatively high value. High ΔlogR 
refers to mature organic rich shale. On the other hand, the LK-1 and KK-1 wells, which are located 
outside the sweet spot both have a low ΔlogR values. Geochemical analysis was done on samples 
from the MD-1 at a depth from 1170-1485 m. The analysis suggests that the MD-1 well has a good 
to excellent mature source rock for oil and gas. The organic matter is composed predominantly of 
algae. Rock-Eval analysis reveals a hydrocarbon generation potential of 9-15 kg/ton.  
These observations from well logs and rock samples from the MD-1 help support a potential 
of the Chum Saeng Formation in the southern area to be an unconventional shale reservoir. 
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Beside unconventional shale reservoir, thick sandstone formation below the Chum Saeng 
Formation, P-Sandstone, is one alterative exploration potential. The formation is extended 
throughout the survey. The permeability is expected to be low and so the sandstone is tight. 
Hydraulic fracturing is required in order to produce from a tight sandstone. Another alternative 
unconventional reservoir exploration is the pervasive tight sandstone reservoir as suggested by 
Pinyo (2011) in the Chum Saeng Formation. The Piceance Basin is the best analog to the 
Pitsanulok Basin and can be used as an exploration guide. Additional geology review and basin 
analysis on the two basins are required. A lithofacies classification is also need to be done in a 
higher detail in order to achieve this type of unconventional reservoir exploration. 
  
 
Figure 5.14  Depositional environment of the Chum Saeng Formation overlaid with RTS survey 






Figure 5.15  ΔlogR calculated from P-wave sonic and resistivity logs. The MD-1 well, which located within the identified sweet spot 





Figure 5.16  Proposed location for shale reservoir exploration in the RTS area overlay (red 
polygon) on TOC and brittleness co-rendered attribute. Sweet spot is identified in the shallow 




CONCLUSIONS AND RECOMMENDATIONS 
 
Petrophysics, geophysics, and geomechanics disciplines are the key for reservoir 
characterization in the Chum Saeng Formation. The result and methodology itself have proven to 
be success and a very useful tool for further exploration. The study provides the first insight as to 
the Chum Saeng Formation in terms of shale reservoir potential. The formation can be 
quantitatively determined. This type of evaluation has never been performed before in this area.  
The Chum Saeng Formation is evaluated in the RTS seismic survey area. The study starts 
with rock physics analysis on well logs and core samples. Simultaneous seismic inversion is later 
performed. With results from rock physics analysis and from seismic inversion, reservoir is 
characterized by applying analyses from wells to the inverted seismic data. From the 
characterization, best unconventional shale exploration area is identified.  
The following conclusions are drawn from the study: 
- Three seismic angle stacks are used in the study. An angle ranges from 10-43 degree. AVO 
effect especially from density might not be fully observed, therefore inversion results still 
have uncertainty. Result of seismic inversion immediately beneath volcanic rock layers are 
unstable. 
- Sandstone and shale have similar petrophysical properties and sometime inseparable using 
seismic inversion results, Vp/Vs and P-impedance. A lithofacies cube derived from 
Bayesian classification can only be used to indicate the distribution of each facies.  
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- Elastic moduli, TOC, and brittleness are all related to each other and can be explained 
petrophysically and geomechanically. Rock with high Young’s modulus and low Poisson’s 
ratio is more brittle and has more quartz content, which means TOC is low. On the other 
hand, rock with low Young’s modulus and high Poisson’s ratio is more ductile and has a 
high amount of clay content. TOC is likely to be high. 
- Low acoustic impedance and density in the southern part of the survey may indicate an 
overpressure within the area. No clear overpressure was observed in the RTS area. 
However, this is only based on 4 exploration wells. Thick shale layer in the southern part 
of survey might be slightly overpressured from maturation of shale. 
- The Chum Saeng Formation has a potential for unconventional shale reservoir. From 
elastic moduli, brittleness, TOC, and co-rendered attributes, the best location or sweet spot 
for unconventional shale exploration in the Chum Saeng Formation is in the southern part 
of the RTS area (Figure 5.15). The area has an intermediate to high brittleness. TOC is 
high. Shale formation is thick with the target depth around 650 to 850 mTVDSS. 
- ΔlogR and geochemical analyses in the MD-1 well, located within the sweet spot, have 
supporting the evidence of mature organic rich shale in the Chum Saeng Formation. 
The following recommendations are made from this research. 
- Stochastic inversion is recommended for any further study to be able to capture uncertainty 
during inversion. 
- Uncertainty in this study includes low number of control points for inversion, no S-wave 
sonic log in the area, and poor quality of seismic in parts of the survey. With better or new 
input data, further petrophysical analysis and seismic inversion is recommended. 
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- Based on identified sweet spot or best location for exploration, an additional exploration 
well is recommended. This well should focus on shale reservoir exploration. This means 
the well should collect core samples for geomechanical and geochemical analysis, image 
log for fracture determination and stress direction, di-pole shear sonic for rock physics 
analysis. Additional mirco-seismic monitoring is recommended during the hydraulic 
fracturing process. 
- Outputs from reservoir characterization include elastic moduli. This information can be 
further used to calibrate with the available hydraulic fracturing. Result of strain and 
tectonic are used for in-situ stress calculation and mechanical earth model (MEM) building. 
This model is very useful for hydraulic fracturing operations as it determines how much 
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